This paper describes a series of experiments using a flapping wing mechanism. Force measurements were combined with high speed photography for two sets of flexible wings. The aerodynamic forces generated by flexible membrane type wings were measured using a two degree of freedom force balance constructed during the course of these experiments which measured the aerodynamic forces of lift and thrust. Lift and thrust measurements were acquired as the mechanism flapped the flexible wings for multiple cases, and the two most interesting conditions were explored in more detail. These two conditions consisted of a zero velocity free stream condition and a forward flight condition of 5 m/s. For these two conditions, high-speed video of the flapping wing was taken. The images from the video were also correlated with cycle averaged aerodynamic forces produced by the mechanism. Several observations were made regarding the behavior of flexible flapping wings that should aid in the design of future flexible flapping wing vehicles. In addition, flow visualization images were taken of the flapping wing under forward flight condition and flow field velocity vectors were calculated.
INTRODUCTION
Over the past twenty-five years, interest in small-unmanned aerial vehicles (UAVs) has greatly increased. Small UAVs range in size from the micro range, having a wingspan of a few inches and weighing 80 grams, to the larger range UAVs where they can have spans up to 20 feet across and weigh up to 25 kilograms. Most of the UAVs in production and use today are fixed wing airplanes. This means they employ traditional methods of lift and thrust: a propeller for thrust and rigidly attached wings relying heavily on the free stream velocity for lift. These vehicles are capable of performing wide range of possible missions, having both military and civilian applications. These include surveillance, communication relay links, decoys, and detection of biological, chemical and radiological materials. However, the realm of UAVs which utilize flapping wings is just beginning to be explored.
The motivation for the development of flapping wing UAVs is based on the argument that flapping wing flight, at least at small scale, is more efficient than traditional fixed wing and rotary flight 1 . Flapping wing flight more closely mimics natural flight and has potential for being lower weight and having greater endurance. In addition, strategic and stealth applications for flapping wing vehicles are evident as well. They have the ability to perch and provide persistent observation, which if incorporated into a flapping wing air vehicle will provide a significant advantage over their fixed-wing counterparts 1 .
Recent approaches involve analyzing bird, bat and insect flight 1 . This has led to an increased understanding of the mechanisms that biological 'machines' use to provide lift and thrust, but that knowledge is not readily transferred to a machine analog. In analyzing natural flyers, the issue of wing flexibility has emerged, as insect and bird wings are complex flexible structures. It has been shown by Ifju et al. 2 that the flexible nature of membrane type wings can actually increase aerodynamic stability by damping unsteady forces and storing elastic energy. While some vehicles that utilize flapping wing flight have been demonstrated (Mueller and DeLaurier 3 ), few have been successful. Furthermore, very little has been done to understand the role of wing flexibility, and thus there is more to be learned in this field.
A prior paper (Jadhav and Massey 4 ) described a mechanism which was capable of producing flapping and pitching motions. This paper adds to that work by comparing the results from a second set of flexible membrane type wings which were fabricated and tested. Measurements of lift and thrust were compared for each set of wings along with high speed photography of the wings. In addition, flow visualization was made for one of the more interesting cases.
PRIOR WORK
All natural flyers (birds, bats and insects) utilize flapping wings to fly according to Mueller and DeLaurier 3 . This was assumed because nature was forced to work within the confines of natural muscle actuation. In the earliest stages of developing flying vehicles, it was discovered that separating the mechanisms for lift and thrust was the easiest and quickest way to become airborne, thereby freeing the earliest engineers from fruitless attempts at mimicking animal flight 2 .
Lift and Thrust Generation in Flapping Wing Flight
A typical cycle in the flight of a flapping wing vehicle consists of a downstroke and an upstroke. Lift and thrust generation on the various strokes of flapping and pitching flat rigid plates (Hong, Sun and Altman 5 ) as well as flapping airfoils (DeLaurier 6 ) have been studied. In flapping fight, the generation of these aerodynamic forces is coupled; this can be seen in Figure 1 , generated by DeLauruer at the University of Toronto 6 .
First, as the wing starts the upstroke, it pitches up so that the wing angle of attack is positive. During the upstroke, the relative velocity is such that the wing is generating negative lift, but positive thrust. As the wing begins the downstroke, the wing has a positive angle of attack which not only generates lift, but again generates thrust. For a well designed flapping wing vehicle, the lift positive force on the downstroke exceeds the negative lift on the upstroke. It is the coupling of the pitching and flapping mechanisms that results in thrust almost always being generated.
A mechanism developed by Isaac et al. 7 , produced both dynamically changing pitching and flapping motions. The main flapping was driven by a motor which drove a flywheel with a connecting rod. The connecting rod was connected to the wing through the use of a fixed pivot joint. Pitching motions were done through the use of a servomotor. This motor was attached below the fixed pivot point so the entire motor assembly was flapped as well, with the servomotor directly driving the pitch change of the wing. This is one of the very few mechanisms which can produce controllable changing pitching and plunging motions on the fly. The flapping frequencies used are low, and the mechanism is flapped in water.
Mcintosh et al. 8 have been successful in creating a mechanism which is capable of flapping two rigid wings while being able to change the pitching angle. This mechanism has a distinct feature: both the pitching and flapping mechanisms are created through the use of a single actuator. The motion created by this mechanism is similar to many insects, wherein the wing is rotated at the top and bottom of each flap. Flapping frequencies of 1.2 to 1.9 Hz were able to be generated. Banala and Agrawal have also demonstrated a relatively simple device which provides insect like motion for a flapping wing.
Although flapping mechanisms are in existence, there is only a small amount of work completed in the area of flow visualization around flapping wings. Hong, Sun and Altman 5 performed PIV measurements on a flat plate undergoing flapping motions which captured shed vorticity and they attempted to correlate this vorticity to lift. Galiński and Żbikowski 10 designed a flapping wing mechanism with a spherical double Scotch yoke to imitate insect flight as a precursor to MAVs with flapping wings. Figure 2 shows the device they designed and preliminarily tested with stereoscopic PIV methods. They were able to obtain preliminary PIV results that approximated the theoretical figure eight motion. However, more testing was necessary to determine the forces on the mechanism.
Kim et al. also designed a 'smart-flapping mechanism' for MAV flight inspired by insect and bird flight 12 . Figure 3 shows the smart-flapping device mounted to its test stand. These wings were also designed to be flexible to imitate the pitching and flapping motions observed in natural flight. While PIV measurements were taken, force measurements were also obtained from two load cells connected to the test stand. 
FLAPPING WING MECHANISM AT GTRI Flapping Wing Mechanism
As part of a Master's thesis, a flapping wing mechanism capable of producing flapping and pitching motions was designed and built. An overall isometric view of this mechanism can be seen in Figure 5 . This mechanism is capable of flapping at a maximum frequency of 5 Hz and is powered by a small DC coreless electric motor. The mechanism has a 40 inch wing span from tip to tip, and is capable of flapping the flexible membrane wings at various preset angles of attack. The entire mechanism was built for approximately $300 plus machining hours. It was also important to make the mechanism as light as possible, therefore the lightest, and most cost effective materials available were used. Plastic was used wherever possible to replace aluminum and lighter weight titanium was used in the place of steel. After a weight reduction effort, the apparatus weight was reduced to 839 g.
The various parts of the drive mechanism can be seen in Figure 6 . The base mounting plate, right and left sidewall of the mechanism are all made from polycarbonate. These three pieces of plastic, when bolted together created a mounting cradle into which the various parts of the mechanism mounted. The motor was connected to a mounting plate and its output shaft was connected to the main driveshaft through the use of a helical beam coupling to take into account any possible shaft misalignment. Connected to driveshaft was an aluminum flywheel. A crankshaft was connected to the flywheel through a series short titanium rods (held in place by steel retaining rings) press-fit through roller bearings. The other end of the crankshaft was connected to the right and left flapping shafts, again through the use of short titanium pins and external retaining rings.
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The initial angle of attack of the wings was set by physically rotating the shaft coupling which connect ed the wing's spar to the main flapping shaft to a specified angle. In order to determine the angle of attack, the inside edge of the wing's root was aligned with the angled marks on a large protractor.
As the motor turned the flywheel, the crankshaft was forced to translate up and down. To keep the crankshaft true in the center, two small springs with low spring constants (0.225 lb/in) were placed between each side wall and flapping shaft coupling. This caused the left and right flapping shafts to plunge as they were pinned in place by the swivel bearings. The pitching motions were created by play in the flapping shafts and to some extent by the flexibility in the wing. Note that pitch was not independently controllable, muc hlike the mechanism designed by McIntosh et al 7 . There was a slight bias in the mechanism where the flapping shafts travel farther up than they do down due to space constraints.
The drive motor was powered directly by a power supply, although it could in principle be supplied by batteries. The flapping frequency was controlled directly by altering the voltage. The motor was rated to 12 volts DC, and was geared down by a 144:1 planetary gearhead, both reducing speed and increasing torque. The motor had a power rating of 8.7 W. During testing operating at a full 12 volts, it was found that the most power drawn was approximately 6.9 W, allowing the motor to operate within the safe region. The second set of electronics on the mechanism was an optical encoder. This encoder was a two channel encoder which allowed for the reading off speed and position. The encoder was directly attached to the driveshaft, meaning that the angular speed of the shaft could be directly translated into a frequency measurement.
Flexible Wings
One of the major focus points of this research were the flexible membrane type wings. In selecting the wing design, various natural flyers with flexible wings were examined. Eventually, bat wings were chosen because the structural members were relatively straightforward and simple to reproduce as opposed to an insect, which has hundreds of tiny structural members throughout its wings 12 . One of the wings used in this effort along with several key dimensions can be seen in Figure 7 . The layout of the structural members roughly follows the pattern of the bones in a bat's wing, though actual bones in a bat's wing are curved 13 . For this research the layout was simplified and straight structural members were used. Note the aluminum coupling at the root of the wing into which the spar is attached to at the top right corner in Figure 7 .
The wings were made from three materials: fiberglass, carbon fiber, and epoxy. The skin of the wing was made from two layers of fiberglass, each 0.0025 inches thick (post-cured). The structural members consisted of 0.1 inch carbon fiber braided sleeves which were filled with fiberglass unidirectional strands. To manufacture the wing, both a left and right wing mold were fabricated out of aluminum into which were milled channelled grooves for the structural members. The main spar groove ran from the wingtip to the root. Three additional grooves for structure were connected to the main spar representing the remaining 'fingers' of the bat like structure. For wing set 1, a single strand of filled carbon fiber was placed in the main spar groove from the tip to the root of the wing. Successive strands were placed from each of the other three fingers all the way to the wing's root. The layering of the carbon fiber strands in this manner meant that the sections of the spar closer to the wing's root had more structure than those sections closer to the wingtip. Four strands made up the structural member fit into the aluminum shaft coupling which was attached to the main flapping shafts. For wing set 2, the wings were stiffened along by the main spar by using a 0.3 inch diameter carbon fiber tube along the main spar though which the 0.1 inch 'finger' sleeves were passed. Additional fiberglass strands were used to provide additional filler for the 0.3 inch sleeve. As a result wing set 2 was much stiffer than wing set 1 (60% to 90% stiffer as determined by deflection under static load at different locations. 14 
)
After laying out the filled carbon fiber structural members for both the left and the right wings, the fiberglass cloth was added and the assembly saturated with epoxy. Both molds were then placed in a vacuum bag for curing. The vacuum bag provided pressure to compact the laminate providing good consolidation and inter-laminar bonds while also providing a vacuum to draw out volatiles and trapped air, resulting in a low void content wing.
TESTING & CALIBRATION
The measurement of aerodynamic forces was accomplished through the use of a force balance. In addition to the aerodynamic data obtained from the low cost force balance, high-speed video (600 frames per second) was taken of the mechanism as it flapped. Data is presented four separate cases which represented different tunnel speeds, flapping frequencies, preset angles of attack for both wing sets. Additional detail is provided for two of the flapping cases.
Force Balance
In order to measure the forces of lift and thrust generated by the mechanism, a simple position based force balance was designed and built. A 3D model of the flapping mechanism in the test assembly can be seen in Figure 8 . The force balance suspended the mechanism in the lift direction (±Y), and constrained it in the thrust/drag direction (±X). The mechanism was able to move in the ±Y direction by sliding over a 0.5 inch aluminum shaft using two linear ball bearings. The weight of the mechanism was supported on the vertical shaft through the use of springs. The flapping mechanism and vertical suspension system were mounted on a linear air bearing. The linear air bearing provided near frictionless travel in the ±X direction. The mechanism was also constrained in the ±X direction through the use of springs in the force balance. Parallel to each of the springs in both lift and thrust directions were string potentiometers which output analog voltages when the string position changed. The transducers were mounted to fixed points on the testing superstructure, and their respective strings were connected to the mechanism. Thus, as the mechanism moved in either ±X or ±Y, the string of the potentiometer was moved as well. Calibrating the force balance involved converting the distance readings from the position transducers into force measurements. The calibration was done by applying various weights to the mechanism in the ±X and ±Y directions and measuring the voltage change from the position transducers produced as a result of the displacement of the flapping mechanism. As all of the springs used to constrain the flapping mechanism were in their linear force versus distance range, the voltage output of the potentiometers was linear with the force applied and thus constant relating force to voltage were determined. A Lab View data acquisition program was written which recorded measurements from the position transducers, resulting forces, encoder position and flapping frequency. The position transducers were powered from a 12 volt battery in an effort to reduce signal noise.
Inertial Effects of Force Balance
An effort was made to separate the inertial forces from the aerodynamic forces present in the force balance as the mechanism flapped its wings. This was done by attaching aluminum rods in the place of each of the wings as shown in Figure 9 . These aluminum rods were chosen such that they had the same mass distribution and center of gravity as each of the wings. These 'inertial wings' were then flapped and the data recorded using the data acquisition software as previously described. The inertial motions of the mechanism caused it to move in both ±X and ±Y directions. These motions were recorded for each of the cases and subtracted from the data acquired when the mechanism was flapped with the actual wings to yield pure aerodynamic forces. As shown in Figure 10 , the inertial forces were typically much lower than the aerodynamic forces, though for the worst performing cases the forces were much closer in magnitude.
Flow Visualization Experimental Setup
In an effort to provide deeper understanding of the fluid dynamics of the flapping wing a series of experiments were conducted to provide flow visualization around the wing. While the primary goal was to provide qualitative results through imagery, attempts were also made at quantitative data through the use of Particle Imaging Velocimetry (PIV). There were a number of interesting challenges involved in acquiring the desired data, and not all of these were solved at the time of this writing. The initial challenge to be overcome was to introduce seeding particles into the flow without meaningfully altering the flow. Once the seeding issue was solved, the next difficulty involved the orientation of the laser sheet. This challenge arises from the difficulty in illuminating the flow above and below the wing, as there was always a portion of the flow field which was not illuminated. This problem was compounded by the motion of the flapping wing. Another challenge involved where to place the camera. In order to capture the entire flow field, the camera needed to be several meters away from the laser sheet. However at this distance it was not possible to focus in on individual particles without zooming in such that the entire flow field was not in the field of view. This forced the video capture of only portions of Several attempts were made at seeding the flow before a satisfactory solution was found. In the end, the smoke injection point was also moved to the opposite side of the tunnel, which required the smoke to make several loops around the tunnel in order to become diffuse enough to reach the side of the flapping apparatus where the laser sheet was located. This resulted in a diffuse smoke field which provided proper seeding over the entire flap regime.
While multiple laser sheet orientations were tried, the most useful results came from an orientation which was behind and slightly beneath the wing as shown in Figure 11 where the smoke particles can be seen to be illuminated by the laser sheet. This setup was particularly useful for looking at the downstream flow and at the trailing edge.
RESULTS

Behavior of Flexible Wing
One of the most noticeable effects of having a flexible wing was that the wing flexed such that the wingtip generally lagged the wing root. Video evidence of this phase lag can be seen in Figure 12 and Figure 13 below for wing set 1. These images are from the 0 m/s, 3 Hz, and 0°angle of attack case. The images taken in Figure 12 and Figure 13 are stills captured from the high-speed video camera. Note the obvious phase lag on the upstroke in Figure 12 where the root of the wing is already well on its way in the upward motion, while the tip has just started the upstroke. Figure 13 shows a similar result for the downstroke, where the root is already into the downstroke while the tip is just beginning to travel downward. Figure 14 shows the wing root and tip positions with theoretical curves fit to each for wing set 1. The curves were fit using a simple sinusoidal function of the form
In Equation 1, t is time, ω is frequency in radians, A is the amplitude of the flapping motion, ∆t is the phase shift, and B is the offset of the curve used to account for the bias in the mechanism. It was found that the experimental data is closely approximated by the sinusoidal functions, however there are some differences. From the curve fits, it was found that the difference in phase between the wing root and the wing tip was 3°on average. Figure 14 shows that there are times where there little phase lag between the root and tip which occurred during the middle of the downstroke. From Figure 14 , it can be seen that most of the phase lag occurs on the upstroke, where the wing tip begins the upstroke with approximately 30°o f phase lag relative to the wing root. By the time the wing root is near the center of the upstroke, the wing tip lags by over 60°, which roughly corresponds to the picture in Figure 12 .
Upon further examination of Figure 12 , it can be seen that the wing has buckled in between the second and third structural members. Over time this has obvious negative effects as the wing will most likely fail due to fatigue. However it is not clear if the wing buckling has adverse effects on the generation of aerodynamic forces. Examining Figure 14 , the buckling obviously repeats. Kinks in the wing tip position on the upstroke occur at regular intervals such as at times of 800 ms, 1125 ms, and 1450 ms. This wing buckling is also apparent in the lift, but is not significant. This is most likely due to the adaptive nature of the wing's membrane which can react to situations such as these. A parallel can be drawn between buckling behavior and such effects as gusting or hitting a stationary object which may cause wing buckling. The wings ability to correct for these phenomena without having a significant effect on the generation of thrust and lift is one of the major benefits of having flexible wings.
A third effect of having a flexible wing is also apparent in Figure 14 where the velocity of the wing tip can be seen to vary with time. The wing tip velocity is greater near the end of the downstroke relative to the beginning of the downstroke as evidenced by the greater vertical spacing between the points which were taken at constant time increments. Similar behavior is seen on the upstroke where the tip speed is greater near the end of the upstroke. This behavior is related to the phase lag, where the wing tip was lagging, it now must accelerate to catch up to the root. On the downstroke, the maximum velocity is reached just after the wing passes the midpoint on the flap. At this point the velocity was found to be approximately 5.67 m/s. A slightly higher velocity of 5.8 m/s was measured on the upstroke the wing tip.
For the second set of wings, which were designed to be stiffer, similar behavior was observed however the buckling was reduced and the phase lag between the root and tip was also reduced. Compare the snapshot from the high speed video of the wing buckling on the upstroke of wing set 2 in Figure 15 with that of wing set 1 in Figure 12 . It is clear that the buckling has been reduced by the larger carbon fiber sleeves. While the wing root and wing tip again follow a similar sinusoidal trend to that shown for wing set 1 in Figure 14 , there are some differences upon further examination. The phase lag on the upstroke was reduced from a peak of 58°for wing set 1 to 23.5°for wing set 2 due to the reduction in the buckling. Interestingly wing set 1 had greater phase lag when it was at the center of the upstroke than when it was at the end of the downstroke, however, wing set 2 had greater phase lag at the end of the downstroke than during its upstroke. As will be shown later, there were significant differences in the lift production of the two wings, which points to the importance of properly tailoring the wing stiffness. Figure 16 shows the pitching motions of the wing as it completes one flap cycle for both wing sets. As the wing starts its flap, at the 0°position, it has a positive angle of attack. As it continues through the first 30°of the flap cycle, the angle of attack (relative to the earth) decreases approximately 15°. At this point the angle of attack is at a constant slightly negative angle of attack throughout the majority of the downward flap and starts to increase again at approximately 180°and levels off for the upward flap at about 240°. The pitching motion is similar for both wing sets, however it is seen that wing set 2 responds faster to the aerodynamic forces as it is a stiffer wing. These pitching motions are similar to those produced by others.
Wing Pitching Motions
The main reason for this variability in pitch is play in the connection between the main flapping shafts and the crankshafts where the shafts are pinned together. From the plot, the variability is approximately 15°. There is also some change in pitch due to the flexible nature of the wings, but is very slight and almost negligible when compared to that of the mechanism. It is unlikely that the pitching envelope will increase or decrease due to increasing airspeed or flapping frequency. This is because the maximum and minimum angles are governed by the amount of clearance between the main flapping shafts and the pin used to hold them together. As the initial angle of attack of the mechanism is altered, the peaks will be different however. This is essentially introducing a bias in the pitch envelope changing the maximum and minimum points. However it should be noted that as the mechanism continues to flap over an extended period of time, it is likely this envelope will increase due to wear between the connections.
Aerodynamic Force Measurements
For both sets of wings, there were flapping frequencies and wing pitch angles which resulted in the generation of net lift and thrust over a flap cycle for both hovering and forward flight cases. There were also more cases where lift and thrust were not generated, but these cases were not explored in detail, though they could be useful for braking maneuvers, etc. Table 1 summarizes the results of some of the more interesting cases for both sets of wings. Data has also been included in the table indicating the peak velocity of the root and at the 3 ⁄ 4 span point based on the high speed video for the flexible wings and for a notional perfectly rigid wing. The vector velocity with the inclusion of the 5 m/s tunnel flow added is also indicated where applicable. While the flexibility of the wings clearly causes an increase in the velocity at the 3 ⁄ 4 span point, this increase in velocity is not the sole driver of performance as the worse performing wing set 1 has higher flexibility and produces less lift.
Two different forward flight cases are examined in greater detail. For the first flight case where the wings were flapping at 3Hz and the tunnel velocity was 5 m/s, Figure 17 , it is clear that the second set of wings out performed the first set of more flexible wings. At this flapping frequency the shape of the lift curve is dramatically different with positive lift being generated over a much larger portion of the cycle for the second set of wings. The performance of both sets of wings is improved with a higher flapping frequency of 4 Hz as shown in Figure 18 . The average lift increases by a factor of roughly 2 for the stiffer set of wings while the average lift increases 10 fold for the first set of wings. However, the performance of the stiffer set of wings is nearly six times higher. The shape of the lift curve as a function of flapping phase is also noticeably different for the two wings as well. Clearly the performance of a flexible wing can be greatly altered by changing the stiffness of the wing. Figure 19 and Figure 20 show graphs of lift and thrust versus wing phase for the stiffer wings for the two conditions described above correlated with images from the high-speed video for various phases of the flap cycle. In both cases positive lift is found to occur primarily on the down stroke and thrust is always being generated. For both graphs the 0°location is where the wing root is at its maximum height. At this position, the wing is starting its downward motion, and lift generation begins. For the 3 Hz flapping case, as the wing continues to flap downwards, the lift force continues to increase until it reaches a peak at approximately 140 degrees. After this, the generation of lift starts to decrease and reaches a minimum at about 330 degrees, but the force becomes negative when the wing is about 270 degrees. A minimum in lift is reached when the mechanism is on its upstroke. The cycle then continues to repeat itself. Note that both the peak positive lift is greater than the peak negative lift and that the duration of positive lift is greater than that of the negative lift, thus indicating that net lift is generated.
With an increase in flapping frequency, there is a marked difference in the lift curve. Again the peak lift occurs when the wing is at about 140°, but the lift force has increased by nearly a factor of two. Compared to 3 Hz case, the duration of the positive lift is also increased the lift remains positive from 30°to 290°.
Upon examining the role of flexibility on the wing relative velocity, it was found that the increase in relative velocity was enhanced by the flexible nature of the wing as shown in Table 1 . The velocity of the wing root for the hover case, at the highest velocity location where the wing root approaches 150°w as found to be 0.5 m/s. Assuming a rigid wing, the velocity at the 3 ⁄ 4 span point (12 inches outboard from the root) would have been approximately 2.9 m/s, however, the wing velocity for the flexible wing was 3.2 m/s. For the wing tip, a rigid wing would have a velocity of 3.8 m/s where the velocity at the tip was found to be 4.9 m/s. Since the force produced by the wing is proportional to the square of the velocity, the flexible wings should produce more lift than their rigid counterparts. If the 3 ⁄ 4 span point is taken as the center of pressure of the wing, then 22% more force should be produced.
For the 5 m/s, 4 Hz, 7.5°AoA case, the peak speed of the wing root was found to be 0.55 m/s. Again, assuming a rigid wing, the velocity at the 3 ⁄ 4 span location was 3.4 m/s. The velocity for the flexible wing at a point 12 inches outboard was found to be 4.1 m/s. With an incoming flow of 5 m/s, the relative wind was 6.5 m/s for the flapping wing versus 6.1 m/s for the theoretical rigid wing. Thus the flexible wing would be expected to produce on the order of 14% more lift than its rigid counterpart. Note that the advantage gained by the flexible wing has decreased as the forward velocity increases. Further, the advantage of flapping is also decreased with forward speed as well.
Error Analysis
An error analysis was performed on the force balance and on the measured data. Using standard uncertainty analysis from the book Experimentation and Uncertainty Analysis for Engineers, by Coleman and Steele 15 , at distribution and a 95% confidence interval was established for the force data. The same data shown in Figure 20 is reploted showing the 95% confidence interval at five separate phases for 10 flaps in Figure 21 . The confidence interval is quite small (±0.015 lbs) for the lift force and even smaller for the thrust force. The repeatability of the data was also examined on a day to day basis as shown in Figure 22 . Here the lift and thrust measurements were repeated on three separate days and the resulting comparison indicated that there was very little change in the data. 
Flow Visualization
Both qualitative and quantitative flow visualization measurements were made. The first flow visualization measurements involved attaching tufts to the flapping wings and capturing high speed video of the flapping for several flapping conditions. In general this data indicated that the flow remained attached to the wings at much higher angles of attack than would occur in non flapping case.
As an example, Figure 23 , shows a still taken from high speed video of an event where the flow on the wing is attached at the leading half and detached at the trailing half. This case, which is for a present angle of attack of 15°, indicates why this case did not perform as well as the lower angles of attack. The tuft data provided some interesting data on the nature of the flow in the boundary layer of the flapping wing, but provided no information about the rest of the flow field and thus further investigations were conducted using PIV. Due to problems encountered with obtaining proper seeding, the amount of flow visualization acquired as of this writing is limited to a single flow velocity case of 5 m/s and for a flapping frequency of 4 Hz. The laser sheet and camera were moved to several locations obtain better imagery, but all of the images presented were in a plane 12 inches from the wing root (or the 3 ⁄ 4 span point) for which velocity calculations were computed earlier.
It was anticipated that large scale vortical structures would be found during the flow visualization based on the work of numerous other researchers (Refs. [16] [17] [18] [19] [20] . Prior work has indicated leading edge vorticity and vorticity that trails into the wake of the wing. While there were some indications of vorticity in the imagery obtained, it was largely found on the surface of the wing and there were no large structures which appeared repeatable from one flap cycle to the next. It should be noted that there was room for improvement in the present measurements and the imaging was only obtained at one spanwise location, thus it is possible that these structures indeed exist, but were not captured in the experiments to date.
A limited number of PIV images are presented below which highlight some of the observations made. In Figure 24 , the velocity field is shown beneath the wing for a tunnel speed of 5 m/s for a case when the wing was not flapping. (An image of the wing has been superimposed on the velocity contour to indicate its location.) As seen in the figure the velocity vectors are straight, fairly uniform, and point to the left (in the direction of the flow) with the exception of a few vectors near the wing itself. A series of results of this nature indicated to the authors that the PIV system was working with regards to providing good seeding, good flow quality, and good correlation between the image pairs. In Figure 25 , a snapshot of the flow field over the rear of the wing and downstream of the wing is shown for a flapping case where the wing is on its down stroke somewhere in the vicinity of 100°as shown in Figure 20 . Again an image of the wing and of part of the mechanism has been superimposed on the vector field to indicate their location and to partially mask the region of poor vectors. (A solid line demarks the region of poorly correlated vectors and good vectors.) Though it is impossible to say exactly what is the flapping phase, the wing is clearly in its lift producing regime on the down stroke and the flow field would seem to bear this out. There is a region of higher velocity flow which is directed down and to the left which would be an indication of lift. There is very little rotation apparent in the vector field with the possible exception of a region near the upper surface of the wing which could be an indication of a leading edge vortex. Figure 26 is plot of vorticity for the same vector field which indicates that the highest levels of vorticity are on the surface of the wing. The flow field looks similar to that of a high lift airfoil with a large thickness. Perhaps the more localized vorticity near the surface of the wing has the global result of making the flow field behave as if the thin wing were actually a very thick wing. It is also clear that in this instant no large scale vortical structures have propagated down stream of the wing. This result is similar to that of a Karman vortex street reported by others. It should also be noted that it appears as though portions of the downstream flow have been accelerated to a larger velocity which would indicate the production of thrust. Further work is needed to acquire additional imagery at other span wise locations, but it was comforting to see that the measured velocity field agreed with the force measurements in that lift and thrust were being generated.
CONCLUSION
In this study a mechanism which is capable of producing flapping and pitching motions was designed and fabricated. Both motions were produced through a single electronic motor. When measuring the aerodynamic forces generated in the experiments, it was found that thrust was constantly generated, while lift was periodic in nature. It was found that lift was predominantly generated on the downstroke, with negative lift being generated on the upstroke. Using a high speed camera, the shape of the flexible wing was found as well as the velocities of the wing at various point in the cycle. The wing positions where velocity was highest generally coincided with the highest magnitudes of lift. The comparison of two sets of wings with different stiffness demonstrated the importance of tailoring the wing structure to enhance the performance. An increase in stiffness of roughly 60%-90% resulted in a six fold increase in lift. Further work needs to be done to fully understand the role of wing flexibility, but it has clearly been demonstrated to be an important variable.
The flow visualization efforts provided qualitative imagery of separation on the upper surface of the wing and PIV data provided some measure of the downstream flow. Although the data obtained was limited in its scope, there was some correlation with the force measurements. While the expected highly vortical flow was not observed, there were hints of trapped vorticity near the wing surface.
